Introduction
Polychlorinated biphenyls (PCBs), hexachlorobenzene (HCB), p,p′-dichlorodiphenyltrichloroethane (p,p′-DDT) and p,p′-dichlorodiphenyldichloroethene (p,p′-DDE) are organochlorine compounds (OCs) present in the environment due to their intensive use both in agriculture and industry in the past years. As a result of limited rates of environmental degradation and lipophilic properties, OCs have a high tendency to bioaccumulate in humans and predators at the top of the food chain. They have been classified as endocrine disrupting chemicals, given their interaction with several functions of the endocrine system (Brouwer et al., 1999; Damstra et al., 2002) .
The transplacental transfer of OCs has been documented a few decades ago (Ando et al., 1986) and prenatal exposure to this class of substances has focused interest on potentially related adverse health effects on fetus development. Several outcomes have been found, including reducing birth weight (Rylander et al., 2000) , preterm birth (Longnecker et al., 2001 ) growth retardation (Siddiqui et al., 2003) , reducing head circumference (Wolff et al., 2007a) , fetal loss (Longnecker et al., 2005a) , inhibition of mental and motor development (Walkowiak et al., 2001) , and effects on cognitive abilities (Patandin et al., 1999 ). However, negative or weak outcomes have also been published (Rhainds et al., 1999; Jarrell et al., 2005; Longnecker et al., 2005b; Sagiv et al., 2007) .
The aim of the present study was to investigate, on a sample of pregnant women living in an Italian highly industrialized urban area, the relationships among OC levels determined in placenta and other maternal-fetal tissues and several indicators of fetal growth and health.
Materials and analytical methods

Study population
Seventy Caucasian women, resident for more than 15 years in the province of Brescia, Italy (mean age 33.2 years; range 26-42) and undergoing planned caesarean section at the University Hospital of Brescia for either maternal (previous caesarean section, medical conditions or maternal request) or fetal (mostly breech presentation) indications volunteered to participate in the study, performed in the period January-June 2006.
The biological specimens were sampled according to the declaration of Helsinki; all the women provided a written informed consent to the study. 
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Science of the Total Environment j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / s c i to t e n v Clinical records were used to collect the following information about newborn characteristics: birth weight, head circumference, birth length, Apgar score, umbilical arterial blood pH, and gestational age at delivery (date of delivery minus date of last menstrual period).
Delivery was classified as preterm if it occurred before the 37th week of gestation; small for gestational age and small length for gestational age were defined, respectively, as birth weight or birth length below the 10th percentile for gestational age, in both cases according to gender and parity (Bertino et al., 2010) .
The information about potential interfering/confounding variables was collected by a physician during a face-to-face interview using a questionnaire. In addition to the pathological history (inquiring in particular about preeclampsia, hypertension and diabetes), we looked for: parity, alcohol intake and cigarette smoking during pregnancy, work history, marital status, height and body mass index, weight gain during pregnancy, placental weight and newborn gender. We investigated also the residence area and the consumption of locally produced food, because of the documented existence of agricultural areas contaminated by PCBs in Brescia (Donato et al., 2006) .
Most (83%) of the recruited women resided in the surroundings of Brescia; eight of them resided for at least 15 years in very highly industrialized municipalities of the province. Although we did not have specific information on OC contamination, these eight women were considered as living in polluted areas outside the town.
Twelve women resided in Brescia, all in an urban area that was previously classified as having the lowest PCB soil concentration (Donato et al., 2006) .
Twenty-six enrolled women consumed locally produced food; only one of them consumed food produced in a PCB polluted area, named area B (Donato et al., 2006) , whereas seven women consumed animal or plant food produced in polluted areas outside the town. No woman received estrogens or progestin hormone therapy during pregnancy.
Analytical procedure
OCs were measured in 70 maternal serum samples, 62 cord blood serum samples, 70 placenta samples and 69 adipose tissue samples.
Umbilical cord blood was obtained shortly after caesarean delivery, while maternal blood was collected the day before. Serum was separated by centrifugation and stored at −30°C until analysis. A small piece of about 1 cm square of subcutaneous adipose tissue from the abdominal wall and a block of 3-4 cm of placental tissue (near the insertion of umbilical cord) were collected during operative delivery, then stored in aluminum foil and maintained at −30°C until analysis. Levels of PCB 28, 31, 52, 74, 99, 101, 105, 114, 118, 123, 128, 138, 146, 153, 156, 157, 167, 170, 172, 177, 180, 183, 187, 189, 194, 196, 201, 203, 206, 209, p, p ,p′-DDT and HCB were measured in 1 ml of maternal serum and cord blood serum, 1.4-2.4 grams of placenta and in 50-75 mg of maternal subcutaneous adipose tissue by GC-MSD (gas chromatograph Agilent Technologies 6890 N equipped with a mass spectrometer detector 5973).
Analyses were subjected to standard quality assurance procedures, by external (for serum) and internal (for all the tissues) quality control programs. Details of analytical method have been reported elsewhere (Bergonzi et al., 2009) .
Two method blanks (one of them containing 10 μl of olive oil) were included within each sample batch and were subjected to the entire procedure.
For the determination of organochlorines in serum, control samples purchased from Institute for Occupational, Social and Environmental Medicine-University, Erlangen-Nuremberg, Germany and aliquots of human serum spiked with known amounts of OCs were analyzed.
Moreover, in order to check the between-series precision and recoveries of analytical methods for placenta and adipose tissue, we performed the determination of OCs both in aliquots of fortified olive oil (50 mg each, to simulate the adipose tissue) and in 1.5 gram portions of a minced pool of human placentas, spiked with PCBs, p,p′-DDT, p,p′-DDE, and HCB standard solutions.
Percent recoveries were between 88.5%-112.4%, 86.9%-102.0%, and 75.4%-105.8% for serum, adipose tissue and placenta analyses, respectively.
GC degradation of p,p′-DDT to p,p′-DDE was evaluated by repeated analyses of standard solutions in the range 1-25 ng/ml: a proportional increase of p,p′-DDE peak area with increasing p,p′-DDT levels was observed. However, the magnitude of degradation was so low as to have no implication in our results, as for example, the percentage of samples with p,p′-DDT levels above the LOQ.
Furthermore, the estimated concentration of p,p′-DDE produced from the degradation of p,p′-DDT in the most contaminated adipose tissue sample of our study was well below the limit of quantification, suggesting a nonsignificant interference on the p,p′-DDE results. Finally, having observed the proportionality of the degradation, results do not require corrections to calculate concentrations of p,p ′-DDT in samples.
Maternal serum concentrations of persistent organochlorine pollutants were expressed in lipid weight, calculated with the formula described by Phillips et al., after enzymatic determination of total cholesterol (TC) and triglycerides (TG) (Phillips et al., 1989) .
Statistical analysis
Statistical analysis was performed using the PASW Statistics 18.0 for Windows® statistical package (IBM SPSS Inc; Chicago, IL, USA). The distribution of continuous variables was examined by the Kolmogorov-Smirnov test. OCs followed a log normal distribution. Both parametric and nonparametric tests were performed to evaluate the correlations between OC levels and either newborn anthropometric measures or potentially interfering variables.
Student's t test for independent samples and Levene's test for equality of variances were conducted on log-transformed data to assess differences between two groups. Correlations among variables were investigated by Spearman's non parametric test.
The Kruskal-Wallis rank test and the Mann-Whitney U test were used to evaluate, respectively, differences in the sample stratified by quartiles, or the 90th percentile and 10th percentile of OC levels.
Both multiple linear and logistic regression analyses were performed, including neonatal characteristics (dichotomized at a cut off of the 90th percentile for logistic regression) as dependent variables. Covariates in the models were: concentrations of OCs in all analyzed tissues, maternal height, pre-pregnancy BMI, prepregnancy weight, maternal weight gain, maternal age, and gestational length. Further covariates (factors in the logistic regression models) included gender, alcohol and smoking habits during pregnancy, diabetes, maternal occupation and marital status. SPSS Neural networks (Multilayer Perceptron technique) were also adopted.
In every case, a two-tailed p-value of 0.05 was adopted to refuse the null hypothesis.
Results
Socio-demographic characteristics of enrolled women are described in Table 1 . A minority of participants (about 16%) was multiparous and most of them were married, as were employed. The majority of women (about 63 and 86%, respectively) did not smoke or take alcoholic drinks during pregnancy. Four children (5.7%) were born preterm, 7 (10%) were small for gestational age, 3 (4.3%) were born with a small length for gestational age and 1 showed small head circumference for gestational age. Forty-three (61%) children were males, with a mean birth weight of 3385 grams (±381), whereas the mean birth weight of females was 3021 (±496). The mean gestational length was 38.2 weeks (±0.6, range 36.4-39.4). As expected, the birth weight was higher in newborns from diabetic mothers (n = 5; medians of 4030 g vs 3250 g, p b 0.05).
Organochlorine levels
Distribution of OC levels in both maternal and fetal tissues and their correlations confirming the transplacental transfer of these compounds, have been already reported (Bergonzi et al., 2009 ). In four cases, the cord blood samples could not be tested for HCB levels. The highest OC levels were represented by the sum of PCB congeners (ΣPCBs), followed by p,p ′-DDE and HCB; as expected, the highest OC concentrations were determined in the maternal adipose tissue. Only one placenta and four maternal serum samples contained detectable amounts of p,p′-DDT, that could, instead, be determined in 64 adipose tissue samples with a geometric mean of 7.6 ng/g lipids (range: bLOQ -55 ng/g lipids).
Correlations of organochlorines with maternal characteristics
We have already reported that the concentrations of ΣPCBs, p,p′-DDE and HCB in cord and maternal serum, as well as those in placenta and adipose tissue were positively and significantly correlated with maternal age (Bergonzi et al., 2009 ).
In the adipose tissue, p,p′-DDT, p,p′-DDE and HCB concentrations were positively related with both the pre-pregnancy maternal weight (Spearman's rhos = 0.422, 0.305 and 0.261, respectively; p b 0.001 for p-p′-DDT and p b 0.05 for both p,p′-DDE and HCB) and with the prepregnancy maternal BMI (Spearman's rho = 0.445, 0.306 and 0.283, respectively; p b 0.001 for p,p′-DDT and p b 0.05 for both p,p′-DDE and HCB). On the other hand, ΣPCBs were not significantly associated with either pre-pregnancy weight or BMI (data not shown).
With the exception of p,p′-DDT, the OC levels in maternal tissues were negatively related with the maternal weight gain during pregnancy (Spearman′s rhos ranging from −0.26 to −0.45; p b 0.01 for ΣPCBs, p b 0.05 for HCB, p b 0.001 for p,p′-DDE).
Placental HCB levels were significantly affected by alcohol drinking during pregnancy (geometric means: 23 ng/g lipids in drinkers vs 21 ng/g lipids in non-drinkers, p b 0.01), whereas p,p′-DDE and HCB levels in the adipose tissue were influenced by local food consumption (geometric means consumers vs non consumers: 262 vs 213 ng/g lipids for p,p′-DDE, 27 vs 28 ng/g lipids for HCB; p b 0.05 for both). Smoking habits, residence in the highly industrialized municipalities, and consumption of food produced in the industrialized areas outside the town failed to affect OC levels in investigated samples. Table 2 shows the results of the Spearman's correlation analysis among OC tissue concentrations and birth outcomes. Two significant correlations were apparent, i.e. a significant negative relationship between placental ΣPCBs and birth weight (rho = −0.239, pb0.05) and a positive correlation between p,p′-DDT levels in the adipose tissue and birth length (rho = 0.289, pb0.05). No other significant relationship was found, also after controlling for newborn gender.
Correlations of organochlorines with newborns' outcomes
As shown in Table 3 , in four cases of preterm programmed caesarean delivery, we found higher levels of almost all OC compounds than in newborns at term. A statistical significance was observed for p,p′-DDE levels in maternal serum and for p,p′-DDT concentrations in the adipose tissue (p b 0.005 for both). Mothers of newborns with a small length or a small weight for gestational age had lower levels of p,p′-DDE, but not at a statistically significant level.
No significant difference in birth weight, head circumference, birth length, Apgar score or arterial cord blood pH was found in samples stratified by quartiles of OC levels (data not shown).
After classification of samples according to the 90th percentile of OC levels, we found that higher Apgar scores at 5 min were associated with higher concentrations of ΣPCBs in placenta (median Apgar scores 10 vs 9, p b 0.005), adipose tissue (median Apgar scores 10 vs 9, p b 0.005), and maternal serum (median Apgar scores 10 vs 9, p b 0.05), as well as with higher levels of HCB (median Apgar scores 10 vs 9, p b 0.05) in the adipose tissue. Newborns with placental HCB concentrations lower than the 10th percentile showed arterial cord blood pH values lower than those found in subjects with higher HCB concentrations (median 7.27 vs 7.29, respectively; p b 0.05).
Multiple logistic regression analysis showed no significant effect of OC levels (dichotomized on the 90th percentile of data) on newborns' characteristics. Multiple linear regression analyses showed that birth weight, head circumference, and pH were not affected by maternal or fetal organochlorines, whereas maternal p,p′-DDT levels in adipose tissue were significantly associated with birth length (p b 0.01). Colinearity between p,p′-DDT and newborn's gender was excluded by specific diagnostic tests. The positive association between p,p′-DDT concentration in the adipose tissue and birth length was best fitted by the line described by the equation y = 0.067× + 49.268. A further confirmation of the relationship was obtained by testing the data set by a multilayer perceptron neural network technique of the statistic software.
Discussion
We have previously demonstrated (Bergonzi et al., 2009 ) that the maternal tissue levels of ΣPCBs, p,p′-DDE, and HCB were positively and significantly related to maternal age, thus confirming both the bio-persistence and the intake through diet of these OCs. Thus, higher fetal exposure to persistent organic pollutants can be considered as a further implication of advanced maternal age.
The levels of p,p′-DDE, HCB, and ΣPCBs in the adipose tissue were negatively associated to maternal weight gain during pregnancy. Alternative possible explanations may be raised for this behavior. Both p,p′-DDE and HCB were positively correlated with the BMI, that was negatively associated to weight gain during pregnancy (r= −0.297, p b 0.05). The progressive reduction of OC exposure levels observed along time may explain why the usually inverse relationship between OC concentrations and BMI predicted by the pharmacokinetic model is reversed from negative to positive (Wolff et al., 2007b) .
In the case of ΣPCBs, they were negatively correlated with the post-pregnancy weight (p b 0.05 for all of tissues). Since this negative association regarded all investigated tissues, a sort of "body dilution" was suspected for these compounds.
As it concerns the relationships between the OC concentrations in maternal/fetal tissues and the investigated birth outcomes, we found a positive association between p,p′-DDT levels in the adipose tissue and birth length and a negative association between the placental ΣPCB content and birth weight. The latter, however, was not confirmed by either regression analyses (both linear and logistic) or by multiple comparisons on samples stratified by quartiles of OC levels. Vice versa, the positive p,p′-DDT-birth length relationship was found to be significant both in linear regression statistic approach and in neural network analysis. This result is in agreement with the results of a previous study (Tan et al., 2009 ) that showed also the association of p,p′-DDT levels in cord blood samples with both newborn head circumference and birth weight.
Premature newborns showed significantly higher concentrations of both p,p′-DDE in maternal serum and p,p′-DDT in the adipose tissue. Ribas-Fito et al. (2002) showed higher cord serum levels of OCs, particularly p,p′-DDE, in premature newborns, that as in our population sample, were only four (vs 66 controls). Longnecker et al. (2001) found that maternal serum concentrations of p,p′-DDE up to 10 μg/l were associated with increased odds of premature births. Others failed to find effects of p,p′-DDE exposure on gestational length (Berkowitz et al., 1996; Weisskopf et al., 2005) . In the present study, only programmed caesarean deliveries were investigated; hence, the evaluation on potential effects of OCs on gestational length is not allowed. We can hypothesize a nonlinear transfer of OCs from mother to fetus during its development, or perhaps, a fluctuation of maternal lipophilic pollutant levels depending on gestational phase.
We failed to find any significant association of OC levels with either small length or weight for gestational age, whereas others found an effect of HCB cord serum concentrations on small length for gestational age in subjects resident in an HCB polluted area (Ribas-Fito et al., 2002) .
Some statistical effects on newborn outcomes were found when percentiles of OC levels were used to define exposure categories. However, the observed association between placental HCB levels and arterial cord blood pH cannot be of clinical interest, because the statistical difference between groups of exposure levels was relatively small, with mean values falling within the normality range (Helwig et al., 1996) . Similarly, the results involving Apgar score at 5 min appear of limited biological significance, because assigned values were at least 9.
Maternal alcohol consumption and local food eating during pregnancy apparently influenced OC levels, but the interpretation of these results is hampered by the inconsistent behavior of OCs in different tissues, and by the lack of information about e.g. frequency of consumption.
A more exhaustive study on the influence of consumption of locally produced food regarding 537 subjects aged 20-79 years living in the same town, found a statistically significant difference in PCB levels between consumers and non-consumers (Donato et al., 2006) . Prenatal exposure to cigarette smoking was not related with umbilical cord serum OC concentrations, in agreement with previous findings (Ribas-Fito et al., 2002) .
Prenatal exposure to some persistent organic pollutants has been linked to adverse developmental effects in highly exposed human populations. However, epidemiological studies have reached inconsistent conclusions on whether PCBs, p,p′-DDE, p,p′-DDT or HCB are associated with altered anthropometric features in newborns or gestational length. OC levels in maternal serum, maternal milk, cord blood, or extent of fish consumption were used as indicators of prenatal exposure.
Two distinct episodes of acute exposure to PCBs aroused the suspicion that these compounds might cause intrauterine growth retardation. In 1968, over 1000 people consumed rice bran oil contaminated with PCBs in Japan (the "Yusho" episode). Some newborns of exposed mothers exhibited small size, dark brown pigmentation of skin, and premature eruption of teeth (Yamashita and Hayashi, 1985) . Children of women accidentally exposed to large amounts of PCBs in contaminated rice oil in Taiwan in 1979 (the "Yu-Cheng" incident) showed lower birth weight, lower birth length and retarded growth compared to controls (Rogan et al., 1988) . However, studies on women occupationally exposed to PCBs and showing blood PCB levels markedly higher than those in the Yusho and Yucheng patients, failed to demonstrate serious adverse effects in (Hara, 1985; Taylor et al., 1989; Schantz, 1996) . Among the most cited studies in the scientific literature about the association between OC prenatal exposure and negative reproductive outcomes in humans, there are those carried out on the Michigan and North Carolina cohorts. In a study involving 242 infants born between 1980 and 1981, whose mothers consumed moderate quantities of contaminated fish from Lake Michigan, the PCB exposure, assessed both by maternal fish consumption and by umbilical cord serum levels, was associated with lower birth weight, smaller head circumference, and shorter gestational age than controls (Fein et al., 1984) . However, critical flaws have been noted in the study design, such as in the exposure assessment, selection and comparability of the exposed and control samples (Schell et al., 2001 ). In addition, 66% of cord sera PCB levels were below the quantification limit (5 ppb) (Schwartz et al., 1983) .
No association between birth weight or head circumference and child's prenatal PCB exposure was found in a cohort of 880 pregnant women selected between 1978 and 1982 from the general population in North Carolina (Rogan et al., 1986) . The maternal serum PCB concentration was reported to be higher than that observed in the Michigan cohort (median of 9.06 ng/mL vs a mean value of 5.5 ng/mL). However, the results in the North Carolina cohort were overestimated by a factor of two. So, the exposure levels in the two cohorts were similar, as suggested by Schantz (1996) . The analytical technique, relying on packed column GC analysis with a quantification limit of 4 ng/ml, was able to detect PCBs in only 12% of umbilical cord blood samples, so prenatal exposure was assessed by the analysis of PCBs in maternal milk at birth.
As a possible explanation for conflicting findings, Sagiv et al. (2007) hypothesize a threshold of effects at higher OC concentrations. Studies on highly exposed populations or on biological samples collected several decades ago have, however, obtained inconsistent results (Rylander et al., 1998; Longnecker et al., 2001; Karmaus and Zhu, 2004; Hertz-Picciotto et al., 2005; Farhang et al., 2005; Lamb et al., 2006) . Studies on subjects with background exposure levels (assessed by analyses in cord blood serum or plasma or in maternal serum) have shown significant associations between concentrations of OCs and birth weight or birth length, even though with contrasting findings (Patandin et al., 1998; Ribas-Fito et al., 2002; Weisskopf et al., 2005) . Often, negative or inconclusive results were reported, supporting the view that the low-level organochlorine exposures may not have a large impact on growth of the developing fetus (Rhainds et al., 1999; Longnecker et al., 2005b; Sagiv et al., 2007) .
Conclusion
The main result of the present study is a positive association between p,p′-DDT levels in maternal adipose tissue and birth length. The birth weight was related with placenta PCB content at correlation analysis, but further multivariate analyses failed to confirm this finding. Both p,p′-DDE and p,p′-DDT levels, respectively in maternal serum and adipose tissue, were significantly higher in premature newborns, raising questions on the kinetics of transplacental transfer of OCs. In addition to BMI, maternal pre-pregnancy weight and maternal weight gain should also be included in multivariate models as covariates when the effects of OC exposure on intrauterine growth are evaluated. Despite the considerable number of publications on the argument, the uncertainties regarding growth deficits related to prenatal exposure to OCs seem far to be resolved.
